Bacterial adhesion to tooth surfaces or dental materials starts immediately upon exposure to the oral environment. The aim of this study, therefore, was to compare the adhesion of Streptococcus sanguinis to saliva-coated human enamel and dental materials -during a one-hour period -using an in vitro flow chamber system which mimicked the oral cavity. After fluorescent staining, the number of adhered cells and their vitality were recorded. The dental materials used were: titanium (Rematitan M), gold (Neocast 3), ceramic (Vita Omega 900), and composite (Tetric Ceram).
INTRODUCTION
Dental plaque, as an oral biofilm, is recognized as a key etiologic factor for caries and periodontal diseases in humans. Bacterial colonization of tooth surfaces or dental materials -like filling materials, dental implants, or prostheses -starts immediately upon exposure to the oral environment. In the process of plaque formation, early colonizers, including Streptococcus sanguinis, adhere to the salivary coating covering the tooth surfaces 1) . This initial adhesion is an important step in biofilm formation as it may influence the composition of mature dental plaque 2) . Different strategies to investigate in vitro the development and structure of the biofilm on oral hard tissues and dental materials have been used as tools in dental research. Attachment and growth of various plaque bacteria on substrata has been assessed using different models 2, 3) . However, salivary pellicle-coated enamel as a substratum was found in only a few reports 4, 5) . Presently, commonly used materials for dental restorations include metals, ceramics, and resin composites. Although these materials are safe and effective for their intended use 6) , there is also an increasing interest in dental materials which minimize plaque formation 7) . Adhesion and vitality of S. sanguinis have been investigated in vitro in a flow chamber system using human enamel as a substratum in a salivary milieu 5) . The aim of the present study, therefore, was to compare the adhesion of S. sanguinis to commonly used implant and restorative materials with that to human enamel, and also determine the vitality of the initial adhered bacteria. We hypothesized that the number and vitality of adherent bacterial cells would vary with the nature of dental restoratives. 9 cells/ml. Density of bacteria per ml in the bacteria-saliva mixtures at the beginning and end of each experiment were determined by phase contrast microscopy (Provis AX70, Olympus AG, Volketswil, Switzerland) using a standard Neubauer chamber.
MATERIALS AND METHODS

Bacteria
Hydrophobicity measurement of S. sanguinis cells was done as described by Grivet et al. 8) using partitioning into hexadecane (Sigma-Aldrich GmbH, Buchs, Switzerland).
Saliva
Whole saliva was collected by paraffin stimulation from a healthy volunteer (after not drinking or eating for two hours). Saliva samples were sonicated (1 minute, 30 W), filtered through a 70-m filter (Cell Strainer, Becton Dickinson, Basel, Switzerland), and centrifuged at 22,000 g for 60 minutes at 4 . The supernatant was filtered through two lowprotein-binding filters (pore sizes of 0.45 m and 0.22 m; Millex-HV and Millex-GV respectively, Millipore, Switzerland) connected in series. Sterilized saliva was stored at 6 and processed within two days. Before use, the pH was adjusted to 7.1 7.3 with phosphate buffer (0.067 mol/l Na2HPO4, 0.067 mol/l KH2PO4). Table 1 lists the materials tested in this study: titanium, gold, ceramic, and composite. Rectangular test specimens (14.4 14.4 0.2 mm 3 ) were prepared and polished to a defined surface roughness. Surface roughness was measured by a Hommel tester (T 1000, Hommelwerke GmbH, VS-Schwenningen, Germany). Tooth slices were prepared as previously described 9) and mounted with epoxy glue on glass plates (Fig. 1) . Only the enamel portion was used for analysis. All the slides were decontaminated with ethanol. Before the adhesion experiments, the slides were exposed to the sterile human saliva used in the flow chamber system at room temperature for 15 minutes.
Adhesion substrata
Measurement of contact angles as indices of hydrophobicity was carried out using a K100 Processor Tensiometer (Kr ss GmbH, Hamburg, Germany).
Adhesion of S. sanguinis to substrata in the flow chamber The in vitro model used herein was as that previously described by Weiger et al. 10) . Briefly, the bacteriasaliva suspension circulated from a Teflon dispenser (Multimed GmbH, Kirchheim unter Teck, Germany) to the flow chamber (No. 1301, Minucells, Bad Abbach, Germany) in which the test specimens were mounted in Bacterial adhesion to dental materials 362 Table 1 Restorative materials used in this study parallel. The dispenser and flow chamber were connected by tubes to a peristaltic pump (Spetec GmbH, Erding, Germany) with an integrated speed controller. Flow rate of the suspension was 0.8 ml/min, which corresponded roughly to physiological conditions of low shear in the oral cavity 11) . The system was placed on a shaker adjusted at 260 impulses/min to maintain the homogeneity of the bacterial suspension at room temperature for one hour (Fig. 2) . Thereafter, test specimens were removed and analyzed microscopically. Each material was tested in at least five independent experiments.
Determination of microbial vitality on substrata and in suspension The vitality of adhered bacteria was evaluated by applying a dual fluorescent staining method (Live/ Dead BacLight Bacterial Viability Kit, MoBiTec, Luzern, Switzerland) according to Decker 12) , which allows differentiation between vital and dead bacterial cells. To stain bacteria attached to enamel and restorative dental materials, the test specimens were removed from the flow chamber, carefully dipped into distilled water to eliminate planktonic and loosely attached cells, covered with 7.5 l of staining solution for 15 minutes at room temperature in the dark, and subsequently placed on a slide. The cells were analyzed by epifluorescence microscopy (Provis AX70, Olympus AG, Volketswil, Switzerland) using two filters: blue excitation at 450-490 nm (FITC) and green excitation at 546 nm (rhodamine). The number of adherent vital cells and dead cells at eight randomly selected sites on each substratum were counted and then calculated in per mm 2 (Fig. 3) . Results were mean values of at least five independent experiments.
In addition, colony-forming units per ml of the bacteria-saliva suspensions were determined before and after the adhesion experiment. 
Statistical analysis
Statistical analysis was performed using an open source programming language, R Version 1.6.1. Mann-Whitney test was used to compare data of each material with those of enamel. Level of significance was set at =0.05.
RESULTS
The tooth slices showed a surface roughness of Ra=0. 24 m, corresponding to the average roughness of enamel surfaces. As shown in Table 2 , the surface roughness values of the materials tested were close to that of enamel.
Tooth slices showed a moderate hydrophobic surface with contact angles of 64.4 for the uncoated slide and 63.5 for the coated slide. Contact angle values of dental materials were in the range of 59.8 to 82.7 for the uncoated slides and 39.1 to 46.3 for the saliva-coated slides, thus indicating higher hydrophobicity of the uncoated metal surfaces (Table 2 ). In particular, the highest reduction in contact angle value by saliva coating was observed for the composite slide. Compared to the saliva-coated dental materials, the saliva-coated tooth slide was more hydrophobic. S. sanguinis saliva suspension circulated from the dispenser to the flow chamber containing the slides mounted in parallel. Total cell counts per ml, viable CFU per ml, and pH of bacteriasaliva mixture were determined at the beginning and the end of the experimental period. Analysis of slides was conducted after 60 minutes. S. sanguinis suspended in PBS was found to be highly hydrophobic since this bacterial strain showed 89.9 partitioning to hexadecane. However, suspension of S. sanguinis cells in human saliva resulted in a low (<1 ) partitioning to hexadecane, meaning that the bacterial cells exhibited hydrophilic behavior.
During the one-hour experimental period, bacterial density and vitality in the bacteria-saliva suspension of the flow chamber system remained fairly constant. Notwithstanding the slight increase in pH at the end of the test period, the bacteria-saliva suspension could be considered as a resting cell suspension (Table 3) . Figure 4 summarizes the results of the adhesion experiments. The number of adherent S. sanguinis cells per mm 2 was significantly higher on titanium, gold, and ceramic surfaces (p<0.001) than on enamel, whereas significantly less bacteria adhered to the composite material (p<0.001) (Fig. 4a) . The percentage of vital adherent S. sanguinis was highest on enamel (92.5 ), whereas it was significantly lower on the restorative materials tested, ranging from 41.5 to 69.1 (p<0.001) (Fig. 4b) .
DISCUSSION
In vitro approaches to studying plaque formation yield a two-fold benefit: they ensure strictly standardized test conditions and assure a high reproducibility.
In the present study, the in vitro system used integrated host components such as enamel, saliva, and S. sanguinis to mimic some in vivo features of the oral cavity. The enamel analyzed herein represented the enamel portion of longitudinally cut tooth slices, which most likely had a different structure from the surface enamel to which bacteria adhere in vivo. Notwithstanding the difference, this set-up allowed comparison with other studies 5, 9) .
Results obtained with the model system revealed differences in cell adhesion and vitality of the adherent cells, thereby pointing to the different material characteristics of the substrata.
It has been reported that the physicochemical properties of Table 2 Surface roughness Ra ( m) and contact angles CA (degrees) of the tested substrata. Shown are means and standard deviations of Ra (n=10 for tooth slides, n=5 for dental materials), and for CA mean and quality of fit (=linear equation to experimental dataset) a material like surface free energy, hydrophobicity, and surface roughness, as well as material composition, affect initial bacterial adhesion [13] [14] [15] . Quirynen and Bollen 15) suggested that surface roughness and surface free energy were the main material-linked factors influencing bacterial adhesion. They further showed that the influence of surface roughness was stronger than that of surface free energy and surface hydrophobicity. Generally, rough surfaces promote bacterial adhesion whereas smooth surfaces minimize it [13] [14] [15] . According to Bollen et al. 16) , surface roughness below Ra=0.2 m had no further quantitative and qualitative effects on bacterial adhesion. Moreover, variations around this value had only a negligible impact on bacterial adhesion. In this study, the roughness of all test specimens was about 0.2 m hence differences in bacterial adhesion could not be explained in terms of surface roughness. This would mean that any observed differences in bacterial adhesion most likely resulted from other surface properties and the composition of the materials used.
Several studies reported that initial adhesion was promoted if both bacteria and the surfaces involved had similar hydrophobic properties 8, 17, 18) . In this study, the S. sanguinis cells suspended in saliva showed a hydrophilic nature. In other words, it was expected that their hydrophilic nature would favourably facilitate their adhesion to more hydrophilic surfaces, like the pellicle-coated restorative materials used herein. Indeed, more bacterial cells adhered to three of the dental materials than to enamel which had a moderately hydrophobic surface. These results were in agreement with other studies 4, 8, 13) . However, it should also be highlighted that fewer bacteria attached to the composite, despite its hydrophilic surface property which was similar to the other materials tested.
In the oral environment, all solid surfaces are covered by an acquired salivary pellicle. The pellicle on tooth enamel and restorative materials is formed by a selective adsorption of salivary macromolecules. In this light, the physicochemical properties of a material influences microbial adhesion either directly or through adsorption of salivary proteins 19, 20) . In the present study, salivary coating changed the surface hydrophobicity of the dental materials in a similar way. This was because no major differences in contact angle were registered between the materials. Amongst which, the composite material registered the highest reduction in contact angle value. At this juncture, it should be highlighted that pellicle composition may vary between different restorative materials. Consequently, different pellicle components would act as binding receptors for S. sanguinis cells, thus leading to differences in cell adhesion 21) . Bacterial vitality during adhesion and biofilm formation is an important factor in the pathogenicity of dental plaque 22) . The ability of bacteria to grow and produce acids is an essential process in dental caries development. In the present study, the percentage of adherent vital S. sanguinis was highest on the enamel surface and lower on restorative materials. Weiger et al. 10) observed that during the initial events of microbial attachment, dead rather than vital S. sanguinis cells preferably attached to solid surfaces. Based on the data obtained, it could be said that this process was even more pronounced on the implant and restorative materials tested herein. Besides, some dental restoratives release metallic or fluoride ions into the environment with a possible influence on the vitality of adherent bacteria [23] [24] [25] . This may augment the explanation for the lower percentage of adherent vital cells on the restorative materials used in this study.
Lowest bacterial vitality and adhesion were detected on the Tetric Ceram composite, which releases fluoride ions into the environment. Fluoride is known to have inhibitory antibacterial and anti-adherent effects 25) . Thus, the fluoride released might have soundly contributed to the low vitality and adhesion of S. sanguinis cells. By way of practical application, the extent to which topically applied fluoride penetrates plaque biofilm is an important subject, since even limited fluoride penetration may serve to inhibit growth of plaque bacteria 26) . Therefore, a constant release of fluoride ions from a substratum like composite, in addition to topically applied fluoride, might result in an improved inhibition of plaque bacteria.
The observation that the vitality of adhered S. sanguinis varied between dental materials suggested that different materials exerted different influences during early colonization. It was either dead cells were preferentially attracted, or that bacteria died after initial adhesion due to an antibacterial effect of the dental material, e.g., by leaching compounds. Within the detection range of this in vitro model, it was found that two keys factors played a pivotal role during the early stages of S. sanguinis colonization: physicochemical surface characteristics of the dental materials and stereo-specific interactions through the pellicle.
The results confirmed that hydrophobicity, in the presence of adsorbed salivary components, significantly influenced bacterial adhesion to dental materials. In the case of the composite material, salivary pellicle might have significantly reduced the adhesion of S. sanguinis.
Dental plaque is a complex microbial biofilm. It involves many bacterial species which adhere to the tooth surface or restorative materials and which also interact with each other. Inevitably and predictably then, the composition and activity of dental plaque are also influenced by bacterial replication during phases of nutrient supply 27) . Streptococcus sanguinis is just one of several early colonizers, but is thought to play an important role in the initial stages of plaque formation 1) . In the present study, we used an in vitro model to quantify bacterial adhesion and vitality to different dental materials by using fluorescence microscopy. Through this model, it was confirmed that the number and vitality of adhering bacterial cells varied with the nature of the dental restoratives. For other future studies, the parameters of the system, bacterial species, dental materials, and liquid environment can be changed and then their influences evaluated individually. In particular, the influence of surface modification of dental materials can be determined directly.
